INTRODUCTION
Directional couplers and filters are the most commonly used building blocks in microwave and RF systems. Considering the miniaturization design as one of the primary trends for transceivers, a single device integrated with different functionalities, such as filter-coupler [1] [2] [3] [4] [5] [6] , has been attracting increasing attention. It also recommends an effective way to avoid the performance degradation due to a cascade connection of two individual components. On the other hand, a number of reconfigurable microwave components, including frequencyagile couplers, have received significant attention because of their selectable fundamental characteristics [7] [8] [9] [10] [11] [12] . Therefore, we hope to propose and design a 90-degree frequency-agile directional coupler incorporating with the filter's selectivity at each operation frequency band. It is expected to yield better interference suppression compared with conventional frequency-agile coupler counterparts.
A branch-line coupler is a four-port network device with a 90 • phase difference between two coupled ports. It consists of two microstrip lines linked by two transverse λ/4 branches located at λ/4 distance one from each other. As shown in Fig. 1 , the conventional branch-line coupler usually has narrow bandwidth. However, its out of band characteristic has insufficient selectivity for adequate performance as a filter.
To achieve a directional coupler with good restraint outside the passband, two wide coupled open-circuited lines are employed instead of two microstrip line branches. Similar configurations can be found in [13, 14] , but all of them are not appropriate for this design. Firstly, the coupled line has over-tight coupling when the design requirements are fulfilled. In this case, it is difficult to achieve the bandpass frequency response characteristic owing to the coupled line's wide passband. Secondly, all of these previous designs employ the shortedended lines, which are difficult to add varactors and achieve the electrical tunability. Section 2 introduces the theory analysis and design process in detail. The frequency electrically tunable method is proposed in Section 3. At last, a prototype is fabricated. It can operate within different frequency bands with different DC voltage bias.
DIRECTIONAL COUPLER BASED ON THE COUPLED TRANSMISSION LINE
2.1. Theory Figure 2 illustrates the schematic of the proposed directional coupler. It consists of two microstrip branches and two open-ended coupled lines. As is well known, the coupled line is a widespread realization of microwave filters and has inherent bandpass frequency response characteristic. As such, a coupler including the coupled lines has the possibility to obtain good rejection out of the passband.
Here, the even-odd mode technique is employed to analyze such a model and synthesize the circuit. As shown in Fig. 3 , two sub-networks are obtained by considering the open circuit for the even mode case and the short circuit for the odd mode case.
When θ 2 = π/2, we readily obtain from these equivalent circuits:
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Considering θ 1 = π/2, S-parameters at the resonant frequency can be derived as follows:
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Calculation Examples
Based on the above proposed configuration, (7) can be used to design a coupler with arbitrary coupling level. For example, considering
That is a 3 dB coupling case. Here,
That means, Z oe − Z oo = 100 (10) To solve this weakness, the coupled line is widened to reduce its coupling ratio. The passband can be narrowed through normal PCB fabrication process, which overcomes the realization difficulties. Here, the wide line width out of range leads to the inaccuracy of those existed design formula for a coupled-line pair. The foregoing analysis is no longer applicable because there is no accurate analytic expression for the coupled line's ABCD transfer matrix. As such, another equivalent model is proposed in Fig. 6 . Two open-ended coupled lines are considered as two "black boxes" with the function of bandpass filters. Here, we don't pay attention to the coupled line's transfer matrix, but pay attention to its S-parameters. The coupler's frequency response characteristic, such as the suppression bandwidth, is directly determined by the black box's frequency selectivity. Besides, the coupler's coupling level can be achieved by optimizing dimensions of the coupled lines and microstrip lines. As an example, a 3 dB coupler is designed with different suppression bandwidths. Simulated results implemented by ADS are shown in Fig. 7 . Their out-of-band suppression is much better compared with the above designs. The phase differences between output ports 3 and 4 are 90 • at each center frequency of those cases. Fig. 8 shows S-parameters of the coupled lines with the same dimensions. It is demonstrated that the bandwidths of the coupler and the corresponding coupled line are almost the same. However, the center frequency of the coupled line is a little lower than that of the coupler. As another example, a 6 dB coupler is designed with different suppression bandwidth as shown in Fig. 9 . The phase differences between output ports 3 and 4 are also 90 • at each center frequency of those cases.
FREQUENCY-AGILE APPLICATION
After finishing the analysis and design of the static coupler incorporating the bandpass frequency response characteristic, the frequency-agile application is investigated in this section. The first task is to construct a frequency-agile coupled line. Here, each coupled line's end is connected with a varactor. As shown in Fig. 10 , the change in capacitance will modify the electrical length of the coupled line, and then change the operation frequency. Then, this frequency-agile coupled line is employed in the coupler design. For circuit feasible, the other end of the coupled line is extended to connect with the microstrip branches. As shown in Figs. 11 and 12 , an L-band 6 dB frequency-agile bandpass coupler is designed and fabricated on the substrate Taconic RF35 with the relative permittivity respectively. When V bias is varied from 0 to 16.2 V, the coupler's center frequency is varied from 1.81 to 2.07 GHz. At the center frequency of each operation mode, the return loss is better than 15 dB, the isolation is better than 18 dB, and the average insertion loss is about 1.2 dB. 
